).
loric sweeteners and sweet-tasting proteins to which rodents are indifferent [17, 18] , but it remains unknown which of these receptor subunits participates in the binding of most sweet stimuli, including sugars. To specifically address this question, we have devised and executed a strategy for the direct analysis of T1R-ligand interactions.
Based on their homology to other class C GPCRs, such as metabotropic glutamate receptors (mGluRs) and γ-aminobutyric acid type B receptors (GABA B Rs) [19] , we hypothesized that a binding site for sugars is localized within the long N-terminal domains (NTDs) of T1R2 and T1R3 ( Figures 1A and 1D ). We expressed and purified mouse T1R2NTD B6 and T1R3NTD B6 
T1R2 and T1R3 Taste Receptors Each Bind Sweet Ligands
We measured the interaction of two sugars and a noncaloric sweetener with T1R3NTD B6 , MBP-T1R3NTD B6 and MBP-T1R2NTD B6 . To do this, we determined the concentration-response relationships for the peak intrinsic tryptophan fluorescence of the T1R NTD proteins by fluorescence spectroscopy upon titration of these sweet ligands. This technique is highly sensitive to changes in the local environment of fluorescent amino acid residues within a protein and is a good indicator of ligand binding and/or ligand-dependent conformational changes (e.g., [20, 21] ). Glucose, sucrose, and sucralose decreased the peak fluorescence intensity of T1R3NTD B6 , exhibiting K d values of 7.3 ± 0.7, 2.9 ± 0.4, and 0.9 ± 0.1 mM, respectively (Figures 2A and 2B, and Table 1 ). The interactions of these ligands with T1R NTDs is specific: cyclamate, which is perceived as sweet by humans but is not preferred by mice [22] and which appears to bind within the transmembrane domain of human T1R3 [17, 23] , had no effect on the intrinsic fluorescence of mouse T1R3NTD B6 ( Figure  2B) ; and neither sucrose nor sucralose quench the intrinsic tryptophan fluorescence of another saccharide binding protein, MBP (though maltose does [20] ; see Figure S1 in the Supplemental Data available with this article online). MBP-T1R2NTD B6 also displayed a dosedependent quenching of intrinsic fluorescence by glucose, sucrose, and sucralose, but not by cyclamate or the umami ligand L-glutamate ( Figures 2C and 2D) interactions with MBP-T1R3NTD B6 were nearly identical to those determined for T1R3NTD B6 (Table 1) ; however, we cannot rule out the remote possibility that MBP differentially influences the two T1Rs. Our results demonstrate that the NTDs of both T1R2 and T1R3 bind sugars and sucralose at physiologically relevant concentrations.
Ligand binding stabilizes a conformational change in the NTDs of other class C GPCRs [19, 24] . We used synchrotron radiation circular dichroism (SRCD) spectroscopy, which is sensitive to the secondary and tertiary structure of chiral molecules such as proteins [25] [26] [27] , to determine if T1R NTDs undergo a ligand binding-dependent change in conformation. The addition of 5 mM glucose, sucrose, or sucralose, but not 5 mM cycla- Figure 2E ) and MBP-T1R3NTD B6 (see Figure S2 ). The SRCD spectrum of MBP-T1R2NTD B6 was also changed in the presence of glucose and sucrose, but not cyclamate ( Figure 2F ; sucralose was not tested); however, the changes are distinct from those seen for T1R3NTD B6 . Glucose did not change the conventional CD spectrum of MBP itself (see Figure S2) , indicating that the changes in spectra were specific to the T1R NTDs. These results demonstrate that the NTDs of both T1R3 and T1R2 undergo a conformational change upon ligand binding, further supporting the distinct role of each subunit in the detection of sweet ligands. Higher resolution structural analysis will be needed to determine if these structural changes resemble those seen in the NTD of other class C GPCRs upon ligand binding [24] .
A Single Nucleotide Polymorphism Associated with Reduced Sweet Taste Sensitivity Decreases Ligand Binding to T1R3
We sought to determine the physiological role of T1R3NTD in the detection of sweet stimuli. We examined the effect of the I60T change on the ability of T1R3NTD B6 to bind sweet ligands. Glucose, sucrose, and sucralose, each at 5 mM, failed to change the SRCD spectrum of T1R3NTD I60T (Figure 3A) , suggesting that this mutation interferes with ligand binding-dependent changes in receptor structure. However, glucose, sucrose, and sucralose each bound T1R3NTD I60T (Figures 3B and 3C ) with the same relative order of K d values as seen for T1R3NTD B6 . Strikingly, the T1R3NTD I60T dose-response curve for each ligand was shifted to the right compared to the equivalent for T1R3NTD B6 (Figures 3D-3F ), resulting in a dramatic increase in K d (Table 1) . Therefore, the I60T change alters the function of the sweet taste receptor by perturbing the interactions of T1R3NTD with sweet ligands and may further alter the subunit's ability to undergo a conformational change upon ligand binding. These data provide functional validation that polymorphisms in the Tas1r3 gene are synonymous with Sac. Furthermore, Evidence from human-rodent chimeric T1Rs would suggest that at least for some sweeteners that are preferred only by higher primates, the two subunits do play distinct roles in the detection and/or the activation of T1R2:T1R3 [17, 23] . In these studies, the NTD of human T1R2 was required for activation of chimeric receptors by neotame or aspartame, whereas the transmembrane domain of human T1R3 conferred sensitivity to cyclamate. In our studies, T1R3NTD B6 binds sucrose with higher affinity than does T1R2NTD B6 , though the relationship is reversed for glucose. This is an intriguing observation, as humans and mice find sucrose sweeter than glucose on a molar basis (e.g., [2, 12, 29, 30] ). It is possible that sugar interactions with T1R3 are more efficacious than they are with T1R2, thereby tightly linking the relative ability of sugars to bind T1R3 with their ability to activate the heteromeric receptor. In this context, it is particularly intriguing that the I60T change in T1R3 reduces this subunit's affinity for sugars (Figure 3) and is also significantly correlated with reduced sweet taste sensitivity in behaving mice [11] . However, it is clear from in vitro and in vivo studies that both T1R2 and T1R3 are required to create a fully functional saccharide receptor [2, [12] [13] [14] . Dimerization is also essential for other class C GPCRs. For example, the GABA B R1 subunit alone contributes a high-affinity ligand binding pocket to heterodimeric GABA B Rs [19] , but the GABA B R2 subunit both modifies the ligand sensitivity of its GABA B R1 partner [31] and couples the activated receptor to intracellular G proteins (e.g., [32] ). In contrast, each subunit in the homodimeric mGluR is competent to bind ligands with equivalent affinity [19] , though they do exhibit a negative intersubunit cooperativity [21] . Our data also suggest that heteromerization is essential to create fully functional sweet receptors. The K d values we report are slightly lower than would be predicted based on behavioral studies in rodents [14, 22, 33] or receptor activation assays [2] in which the EC 50 s for sucrose range from w50-200 mM (behavioral thresholds for sucrose are less than 25 mM [30] ). Therefore, it is likely that processes other than ligand binding and its associated conformational change, such as heteromerization of the subunits, intersubunit conformational coupling, and coupling of the receptor to intracellular G proteins, impact the efficacy of T1R2: T1R3 activation. Homomeric T1R3 receptors have been suggested to function as low-efficacy sugar receptors in a small subset of taste cells [14] . Our study did not directly address whether T1R3 forms functional homomeric receptors in vivo. However, our data do indicate that any reduction in receptor efficacy may depend more on suboptimal receptor signaling, perhaps due to inefficient G protein coupling [17] or from the absence of obligate complementary conformational changes contributed by T1R2, than from an inability of T1R3 to bind ligands per se. The absence of some necessary intersubunit coupling may also explain why sugars do not activate or potentiate the T1R1:T1R3 umami receptor (though cyclamate does) [17] . A fuller understanding of the structural basis of ligand sensitivity and discrimination by chemosensory receptors, especially in the context of behaviorally-relevant genetic variation, will further illuminate the contributions of heteromeric receptors to strategies of stimulus coding in taste and other G protein-coupled transduction systems. 
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